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ABSTRACT

A numerical study is presented of the effects of supermicron particles
mechanically generated by large fires on coagulation loss of submicron
aerosols in the smoke plumes. This study shows that inclusion of the
source generation of large particles in the model can reduce the contribu-
tion to the optical depth of submicron particles by a factor of 2 at
visible wavelengths. This assumes a combination of high turbulence and
high supermicron concentrations. Since no measurements of supermicron
concentrations in large firestorms have been made, a concentration
corresponding to values found in medium sized dust devils was assumed.
This study also shows that the early-time optical effect of the supermicron

particles can be considerable in both visible and infrared wavelengths.



INTRODUCTION

In this paper we investigate the importance of a poorly understood
component of large fires to the microphysics of aerosol size transformation
and the resultant optical effects. This uncertain component is the concen-
tration of mechanically generated aerosols larger than a micron by the
winds associated with large fires. The motivation for this work comes from
recent attempts to calculate the climatic effect of fires generated by a
nuclear exchange (Crutzen and Birks, 1982; Turco et al., 1983). The size
distributions assumed in these studies generally simulate aerosol sizes in
laboratory-scale fires. Aircraft sampling has recently shown that small-
scale controlled burns have a much higher concentration of supermicron
particles than that observed in laboratory fires (Radke et al., 1983).
Most of these particles are thought to be associated with mechanically
generated, partially burned char and larger primary suspendable material at
the source. In actual firestorms, the ground surface could also contribute

a considerable flux of supermicron particles.

Palmer (1981) reported results of project Flambeau, which simulated
wildfire conditions. In that report, he writes of observations of extreme-
ly bigh winds in the fire and strong vorticity For one 12 hectare fire
whirl, Palmer mentioned that the ground was scoured clean, "removing all
material smaller than about 1 cm diameter." Palmer concluded that "inside
even moderate sized fires, wind may be in excess of 70 m si1 which can loft

significant quantities of mineral and fine fuel residues to 1000 m or

more."

Wind-blown-dust studies have shown that submicron and supermicron
aerosol generation from surfaces is a very strong function of wind speed
and turbulence (Gillette, 1974) even during very short wind episodes (Porch
and Gillette, 1977). It 1is, therefore, important to include supermicron
particle generation in constructing aerosol concentrations and size distri-

butions that scale to large fires and different surface types.



The microphysical importance of supermicron particles can be consider-
able. Not only is the proper initial aerosol size distribution important
for simulating the early optical effects of fires, but also the large par-
ticles serve as coagulation sites for visible-wavelength, optically active
particles that are the most long-lived particles in the atmospheric system.
Once attached to supermicron particles in the initial concentrated turbu-
lent smoke plume, submicron particles are more easily removed by subsequent
precipitation. The cloud-forming, ice-nucleating and/or cloud droplet
interaction of the supermicron particles may prove to be the most important
microphysical parameter of aerosols from large fires, from a global climate
point of view. This 1is because sedimentation of particles near 10 um
radius raised to midtropospheric heights will take several days for removal
if the particles have 1-2 g cm_3 density, and much longer if they are

fluffy chain aggregates of considerably smaller density.

In this paper, we describe numerical results of time-dependent aerosol
size and optical effects from coagulation calculations for a simulated
large fire plume with and without a high concentration of supermicron par-
ticles. The large-particle generation 1s based on wind speeds predicted to
be associated with firestorms and measured concentrations of wind-blown
dust. The coagulation calculations were carried out for the first hour,
when high concentrations maximize the effect of the supermicron particles.
The calculations include Brownian diffusion, differential settling and
turbulent shear mechanisms. Calculations were made with constant
concentrations at the source and fixed turbulence levels to compare with
simple calculation estimates, as well as time-varying plume dilution and
turbulence derived from a hydrodynamic buoyancy-driven transport and
diffusion computer code simulating a firestorm (Penner et al., 1985).
These calculations were run over a 1 hour time period to compare with
simple calculations, however, the first ten to thirty minutes (when the
Lagrangian air parcel is within the active fire plume are the most

important for scavenging.



The optical effects of the evolving aerosol distribution were calcu-
lated at wavelengths of both 0.55 pm and 10 gm. This was done both for the
total distribution including submicron and supermicron sizes and for the
submicron fraction only, because it is the submicron fraction that is most
likely to persist in the atmosphere for time periods long enough to affect
global climate. These results do not either validate or invalidate previ-
ous estimates of the climatic effect of nuclear fire aerosol, because so
little is known of what real supermicron concentrations to expect in a fire
storm. But they do focus attention on the need for future calculations and

measurements of the importance of supermicron particles and turbulence

generated by fire storms.
THEORY AND ASSUMPTIONS

The calculations presented in this paper describe the coupling of a
coagulation simulation to a numerical model of fire plume development.
Optical depth of the aerosol with changing size distribution is simultane-
ously calculated. The coagulation calculation uses the slip correction of
Fuchs (1964) as formulated by Storebo (1972). Assuming that spherical
particles form together with no bounce-off to make an equivalent volume

particle, the rate of formation due tc Brownian motion is

dnk/dt = 4‘Ir(r.1 + rj) . (Di + Dj) *n, *on,

Jop..zx..-n.-nj (1)

1j i,) 1
for

k =1+

where . and T, are the initial particle radii and D.1 and Dj are the cor-
responding diffusion coefficients. ﬁij is the slip correction term and

K.1 j is the thermal coagulation coefficient, and n is number of particles.

The diffusion coefficients are derived empirically to include the
region where particle slip is important and are functions of absolute tem-
perature, air viscosity and mean free path. pij is a function of the geo-

metry of interception, the diffusion coefficients and the relative thermal



velocity of the particles. The change in particle density at volume v

consists of a generation and a loss

dn(v.) vJ/2
_—‘l—dt = Ivm. Kl,_']—]_ L] n(vi) . n(vj_vi) . dvl

[+ ]

- n(vj) . jv _ Ki,j . n(vi) . dv.1 (2)
min

where Voin is the smallest particle volume. This formulation was adapted

by Blifford et. al (1974) to include sedimentation and shear coagulation

through the coagulation coefficient
S
K. . =K. . + K. .+K7 . (3)

where KB . 1s the Brownian coagulation coefficient used in Equation (1),
K

1,]
sedimentation differential-settling coagulation coefficient.

)
is the turbulent shear coagulation coefficient, and K? . is the
?

Kg j and K? . are derived from Friedlander (1965) as

’ ’

KT

i,)

~1.3 . (r, -+ rj)3 (e/)1/2 (4)

where € is the energy dissipation by turbulence and v is the kinematic

viscosity and
S 2,2 2
Ki,j = (xgp/9p) r; (ri - rj) for T, 2 T (5)

where g is the acceleration due to gravity, p is the dynamic viscosity and

p is the effective particle density.

The appropriateness of the turbulent shear coagulation formulation in

Equations (4) has been tested at turbulence levels higher than considered



in this paper (Swift and Wells, 1979) This formulation was found to apply
to particles in the 0.1 to 10 um range and was applied to the determination
of the removal of submicron aerosol by supermicron particles in a turbulent

smoke stack.

Under normal background atmospheric conditions where the concentration
of large particles is low and there is little turbulence, Kz,j and K?,j are
negligible compared with thermal coagulation. However, we will show this
1s not the case in our simulation of a firestorm when high supermicron

concentrations and turbulence are assumed.

The numerical code used to calculate the particle size evolution was
tested with a self preserving size distribution (Friedlander, 1965), and a
good comparison was found for analytic and calculated particle size evolu-
tion in the continuum size ranges. However, until the calculations are
tested against the evolution of particles in a fire plume with a high con-
centration of large particles the appropriateness of even the kinetic coag-
ulation Equation (2) is open to question. Monte Carlo simulations imply
that coagulation may be underestimated by Equation (1) for the part of the
distribution with small number concentratior (i e., the larger particles)
because of the effects of nonuniform spatial distribution of spherical
particles (Valioulis and List, 1984). Also, other stochastic aggregation
studies (Mountain and Mulholland, 1984) have shown that an underestimation
(by a factor of 3 or more) of coagulation may result from using Equation
(1). This underestimation is due to the extra-effective area available for
collision associated with the branched chain agglomerates almost always
found in association with fire-generated aerosols. Also, electrical
effects due to the charged aerosols in large fires may be important and are
not included in our calculations. Despite these limitations, which imply
an even greater supermicron coagulation, a simple calculation supports the

potential importance of supermicron particles and turbulent coagulation.

If all the submicron particles could be represented by a single size,

and supermicron particles by another size, then Equation (1) could be



applied directly. Also, if the number of the large particles can be
assumed to vary only slightly compared with the variation in the number of
smaller particles, then the number concentration of small particles as a

function of time 1is simply

~ -t(K ¢ n )
n(t)small =P © large (6)

where n is the initial number concentration of small particles, K is the
coagulation coefficient, and n; is the number concentration of super-

arge
micron particles.

If the small particle radius is taken as 0.25 pm, Equation (6) is
dominated by turbulent shear coagulation in high turbulence with a high
supermicron population. With an energy dissipation rate of 8000 cm2 593
relatively fast reduction of the number of submicron particles is possible.
An e-folding time of 20 min corresponds to a concentration of about 5 g m-3
of 5 um particles. An energy dissipation rate of 8000 cm2 5—3 is about
four times the value of € observed in a severe thunderstorm. This upper
bound choice seems reasonable, since the vertical shear calculated in a 4
km radius five by cotton (1985) was found to be twice that obtained from
modeled thunderstorms. The density of the particles was arbitrarily chosen
to be 0.5 g cm ° to simulate a mixture of biologically derived fuel
residues, aggregates and mineral dust. Alternatively, the same e-folding

time would be obtained with only one 200 um particle in 3 cm3.

Concentrations of 5 g m_3 of supermicron particles have been observed
in dust devils (Sinclair, 1976). This concentration is representative of
Sinclair’s "medium sized dust devils" (diameter 9 m and vertical extent 2.3
km). For "large" (23 m diameter and 3 km vertical extent) and "extra-
large" (46 m diameter and 3.8 km vertical extent) dust devils, qualitative
evidence exists that concentrations of dust are much larger than 5 g m_s.
This concentration is about a factor of 100 times larger than the
supermicron concentrations found by Radke et al., (1983). Since the

vertical flux of material goes as at least the cube of the wind speed, this



corresponds to an assumption of about a factor of 5 higher winds than those

generated by the fires they studied. In this study, we omit water
condensation from consideration. However, mass concentrations 1in the
thunderstorms often exceed 5 gm—3. The average concentration in mount

Saint Helen’s total volcanic cloud power a 6 hour period was estimated to
be 9 gm—3 from radar studies (Harris and Rose, 1983). We believe the dust
devil to be a stronger analog to a rotating firestorm than normal wind
erosion. In fact, historical observations indicate "tornadoes of fire"
associated with the burning of Williamsonville, WI, in 1871 (Moran and
Stieglitz, 1983). O0f course, high -oncentrations of supermicron aerosol
assumes the availability of dust from rubblized and falling buildings, ash
and partially burned fuel residues within tle lareger major fire plume and

outside where only partial burning occurs.

In the high winds generaged in the firestorm circulation, much of the
entrained material would go directly into suspension (rather than into
saltation as observed in dust storms and sand dune movement.) Indeed, wind
tunnel data for direct suspension (Gillette, experiment in progress) have
been extrapolated to give vertical fluxes of around 0.4 g cm_2s—1 for fric-
tion velocities of about 205 cm s-'1 (a not unreasonable value in the ex-
treme conditions of a firestorm). This would give an aerosol loading of a
little more than 5 g mA3 if a vertical wind of 70 m s-l and a factor of 10
dilution with background air is assumed (based on observations in the
Flambeau experiments reported by Palmer (1981) and observations of Bush et
al. (1968)). This mass loading number 3s -.cnservative in the sense that,
with higher winds or with less diluticn and vertical spreading, the concen-
tration could be much higher. There is. however. only anecdotal evidence
to compare dust devil/wind erosion dust with fire storm particle concentra-
tions. It is possible that partially burned biological material from areas
already burned is even more erodible than undisturbed soil. These high
concentrations of large particles probably only occur 1in the core of the
fire plume, but this is the region where most of the submicron smoke must
travel if it is to reach levels of &-10 km (thereby, avoiding rainout and

climate coupling to the earth’s surface). Also, the Flambeau experiment



indicated that much of the transport in the fire plume can be associated
with organized vorticities like dust devils which are much more efficient

in transfering mass from the ground to the atmosphere.

The simple calculation of coagulation loss of submicron aerosols due
to high concentrations of supermicron particles is qualitatively similar to
the complete size distribution calculations described in the next section.
The major limitation of the simple calculation is the inability of a two-
particle population model to account for the growth of very small particles
into the optically active size range, which serves to somewhat lengthen the

depletion time of the optically active particles.

The optical parameters calculated include the optical depth due to
absorption and scattering, and the single scattering albedo for wavelengths
of 0.55 pm and 10.0 um. This was done using a computer program developed
by Dave (1972), which assumes spherical uniform particles. The indices of
refraction for 0.55 um and 10.0 pm were chosen to be 1.53-0.05i and 4.25-
0.41, respectively, for a forest-fire-type aerosol. Calculations were also
made for a visible index of refraction of 1.75-0.3i to simulate urban fire
plumes, following Turco et al. (1983). The forest fire refraction indices
were chosen based on Patterson and McMahon’s (1984) measurements for vis-
ible wavelengths from laboratory fires, and the assumption that the ratio
of visible to infrared indices for fire aerosol are the same as those mea-

sured for soot (Dugin et al., 1981).

Finally, a parametric test was run of the coagulation calculation with
and without supermicron aerosol. The physical parameters in the model
included an average temperature of 296K, mean free path of 6x10_6, dynamic
viscosity of 1.8)(10—4 and kinematic viscosity of 0.146 (all in cgs units).
These values were held fixed in the model because their variability in the
fire plume evolution over 1 hour is less important than the other effects
tested and because there is much more uncertainty in their estimated
values. The submicron size distribution was chosen as log-normal with a

geometric mean radius (rm) of 0.045 um and geometric standard deviation
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(Ug) of 1.75 on the basis of results of Patterson and McMahon (1984). An
initial concentration of 0.05g m-3 was assumed for the submicron particles,
based on calculations of the smoke density above a large-scale fire storm
with intensity 8.9x104 L m_2 (Penner et al., 1985) This assumes no gas-
to-particle conversion in the plume and no supermicron suspension. The
individual aerosol density was assumed to be 1 g cm-S, which is close to

Patterson and McMahon’s (1984) assumed density of 1.3.

The parameters tested include the energy dissipation rate and the size
of the wind-generated aerosol (assumed log-normal with a geometric standard
deviation of 1.7). Since so little i1s known about supermicron particles in
an active source region of a fire storm, the spread in the distribution is
assumed to be the same as that observec in the submicron sizes. At longer
times, removal processes will narrow the supermicron distribution spread
through elimination of the largest particles. The concentration and den-
sity of the supermicron particles were assumed, as in the simple calcula-
tion, to be 5 g m-3 and 0.5 g cm_3, respectively. The effect of dilution
within the plume and evolving turbulence was tested by calculation of these
parameters from a hydrodynamic model simulatisn of the fire plume (Penner
and Haselman, 1985).

The hydrodynamic model is available 1in both a two- and three-dimen-
sional form as described by Haselman (1980). This code has been modified
to simulate the plume dynamics above a large-scale fire (Penner et al.,
1985). 1t solves the conservation equations »f mass, momentum, energy and
species by an explicit method of second-order aiccuracy. Estimates of aver-
age temperature, evolving plume dilutiorr and the changing ratio of energy
dissipation by turbulent eddies to kinematic viscosity from this code are

then used in the coagulation calculations.

RESULTS

The results of testing the parametric sensitivity of the numerical

calculations for the aerosol size evolution in a simulated large-fire plume
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are described here. The focus was on the effect of introducing a fixed
supermicron mass concentration of 5 g m_3 in addition to the submicron
distribution. First, we investigate the relative importance of the coagu-
lation mechanisms in Equation (3). Then, we show the effects of the mech-
anisms on the evolution of the size distribution under varying turbulence
and dilution assumptions. Finally, we derive the optical effects of the

size evolution at visible and infrared wavelengths.

Table 1 shows a matrix of coagulation coefficients calculated between
aerosol particles with given radii. It 1is obvious that coagulation for
submicron particles is dominated by thermal diffusion, but for supermicron
2 5—3), turbulent

shear coagulation dominates. The effect of these competitive coagulation

particles, under highly turbulent conditions (€=8000 cm

mechanisms on the size distribution is shown in Fig. 1. This figure of the
evolved size distribution after 1 hour shows an initial double-peaked log-
normal distribution with the submicron geometric mean radius r at 0.045 pm
(0.05 g m-s) and supermicron T at 5 um (5 g m—3). The figure shows that
the effect of the turbulent shear coagulation 1is to reduce the particle
concentrations in the intermediate (0.1 to 1 pm) and large sizes, inhibit-
ing the growth rate of very small particles and creating very large parti-
cles (over 50 pm). This loss of intermediate-sized particles is a function

of the initial size of the supermicron particles assumed and the level of

turbulence.

Figure 2 shows the evolution of a hypothetical double-peaked log-nor-
mal size distribution with a supermicron particle component having a geo-
metric mean radius (rm) of 5 pym and mass concentration of 5 g m_3, and a
single log-normal distribution with T at 0 045 um and mass concentration
of 0.05 g m-3. Two turbulence conditions are plotted with € = 1000 and
8000 cm2 5—3‘ The effect of increased turbulence is negligible for the
development of a submicron distribution without supermicron particles, but
has a sizable effect on the reduction of particles between about 0.2 and 1
pm with supermicron particles. The particles with the highest visible

light extinction efficiencies are within this size range. Figure 3 shows
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comparable results for the case in which the mass concentration for the
supermicron particles peaked at 10 pm instead of 5 um. The effect of the
reduction of the submicron aerosols is still apparent, but reduced. This
1s because we assumed the same mass concentration in both cases. The aero-
sol size effect in Equation (4) maximizes the effect for supermicron parti-
cles closest in size to the optically active particle radii. Very few size
distributions have been measured in large fires, and, as Radke et al.
(1983) point out, the largest size particle: are notoriously hard to mea-
sure because of anisokinetic sampling problems. Size distributions mea-
sured close to California brush fires with a piezoelectric cascade impactor
sampling device showed large-particle mass-median radii of about 2 to 4.8
pm  (Wallace and Chaun, 1976). The Jarger-particle-size peaks were
associated with higher observed winds. The somewhat higher values of r
used in these calculations were based on laboratory measurements of aerosol
sizes most easily suspended from flat surfaces (Punjrath and Heldman, 1972)

and are probably different from supermicron particle sizes 1in a real

firestorm.

The calculations shown in Figs. 2 and 3 assume a constant level of
turbulence and a constant supermicron particles of plume concentration of
5¢g n 3. The e-folding time in the model including dilution was founded to
be proportional to the 1initial supermicron concentration (as found in
equation 6). Since the turbulence has a sqgiare root dependence, it is not
as important as uncertainties in the initiil supermicron concentration to

scavenging calculations.

The optical effects of these processes are determined from the convo-
lution of the derived distribution functions and the extinction efficien-
cies. Table 2 shows the evolution of the calculated optical depth due to
absorption (Ta) and scattering (Ts), referenced to a plume depth of 1 km
and single scattering albedo (w). These parameters are calculated for just
the submicron particles and for both the submicron plus the supermicron
aerosols. Under the very high assumed concentrations of supermicron parti-

cles, these particles contribute significantly to the optical extinction,
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especially in the early stages. This is because this size distribution
does not fall off faster than 1/r3, as is usually the case for supermicron
particles in the atmosphere far from sources. Figure 4 shows the evolution
of the optical extinction cross section (as a function of size) multiplied
by the differential number concentration for the high-turbulence case shown
in Fig. 2 without sedimentation, diffusion or precipitation loss of the
larger particles. The importance of large-particle optical effect is
smaller at visible wavelengths if the supermicron particles peak at larger
sizes. It is the submicron fraction of the aerosols that are likely to
avoid water cloud/aerosol interaction and sedimentation and therefore are
the most likely to exist in the atmosphere long enough to be involved in
large-scale climate effects. Table 2 shows that the submicron aerosol mass
and optical depth can be significantly reduced by coagulation with larger
particles in the first hour of plume development. The major effect of
including the supermicron aerosol optical effects in the early stages of
plume development is to increase the relative effect of aerosol absorption
at visible wavelengths. This may be important in eventual plume height

determination if radiative effects are included.

Tables 3 and 4 show the effect of including plume dilution and calcu-
lated turbulence levels {from the hydrodynamic model of Penner et al.
(1985) . The effect of dilution alone (Table 3) reduces the relative de-
crease of submicron optical depths from a factor of about 3 to about 2 for
highest turbulence assumption (¢ = 8000 cm2 s 3) for initial supermicron
concentrations of &5 g m_3. Coupling the calculation with the time varying
turbulence and plume dilution estimates derived from the hydrodynamic model
simulation of a large-area fire (Penner et al., 1985) showed only small
submicron particle reduction (Table 4). This 1i1s largely due to much
smaller levels of ¢ calculated in the model than the previously assumed
values of 1000 and 8000 cm2 5—3. In the model, values for € begin at about
10 cm2 5_3 and quickly (within 1.5 minutes) increase to values slightly
over 1000 cm2 5—3; € then varies with time and air parcel trajectories, and

2

has values as high as 2000 and as low as about 10 cm s_3. Since these

values are generated from the two-dimensional uniform heating of a large
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area, estimates of turbulence are probably low, especially near the fire
itself where particle concentrations are the highest. The optical effect
for particles with radii less than 1 pum 1is still considerable, with a
reduction of over 10%. However, because of the uncertainty associated with
sub-grid scale parameterizations needed to derive € from a large scale
model, we believe the effects of dilution and high turbulence shown in

Table 3 are more realistic than those shown in Table 4.

The effect of a higher refraction index possibly associated with urban
fires is shown in Table 5. This table is analogous to the bottom of Table
2 with an assumed value of ¢ of 8000 cm2 smg and nc plume dilution. The
assumed index of refraction was 1.75-0 31 as used by Turco et al. (1983)
for simulating sooty plumes from urban fire storms. The effect of this
higher index of refraction 1is to 1increase ‘the total extinction. Also,
because the greater index of refraction tends to shift the peak of the
submicron optical effects to smaller particles (the supermicron effects are
unchanged), the optical effects of shear coagulational losses are propor-
tionately reduced. Figure 5 shows the analogous evolution of the optical
effects as a function of size (as shown in Fig 4) for the higher index of
refraction and the relative shift to smaller particle sizes for the sub-

micron part of the distribution.

Table 6 shows results analogous to those 1in Table 2, but for a wave-
length of 10 gm for the optical parameters. Here, the most interesting
results are for the supermicron part of the distribution. The optical
depths for the total size distribution are a.most as high at 10 um as at
0.55 pm. This implies that, if these particles do persist in the atmos-
phere, many of the conclusions of atmospheric cooling that ignore infrared
effects would have to be revised. Ramaswamy and Kiehl (1985) have shown
that the climatic effect of fire aerosol depends strongly on the ratio of
aerosol absorption at visible and infrared wavelengths. O0f course, if the
supermicron particles do persist, then 1long term optical depths in the

visible range would have to be revised, as shown in Table 2.
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CONCLUSIONS AND RECOMMENDATIONS

We have found that inclusion of turbulent shear coagulation mechanisms
and a high concentration of supermicron particles generated by the winds in
highly turbulent fire storms have the {following effects on the submicron
particles that are likely to persist in the atmosphere long enough to have

climatic consequences:

1. A considerable reduction in the number of particles between 0.2

and 1 pm radius in the early plume.

2. An associated decrease in the contribution to the optical absorp-
tion and scattering at visible wavelengths for these size parti

cles.

In the early plume, the optical effects of the supermicron particles would
greatly exceed those of the smaller particles at visible wavelengths.
However, the supermicron particles will be unlikely to persist in the
atmosphere unless they consist mostly of very low density chain aggregates.

If this were the case, the infrared effect could be comparable with visible

extinction.

Earlier studies have neglected supermicron aerosol production as a
function of the size of the fire and turbulent shear coagulation. No aero-
sol size measurements of supermicron particles in firestorms exist. Future
measurements will have to be carefully designed to assure isokinetic
sampling of the large particles in highly turbulent updrafts. These
calculations show that supermicron particle concentrations and turbulent
intensities should be part of future calculations and experiments designed
to characterize plumes from large fires for climatic impact. The longer

term persistence of supermicron particles from fires should also be
studied.
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Table 1.
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Matrix of coagulation coefficients (cm3 s_1 between particle
sizes r ) Toy (cm) for different coagulation mechanisms and com-

binations

T2
T 1.2x10_7 1.2)(1076 1.2)(10_5 1.())(10_4 1.0:!(10_3 1.0):(10—2
Thermal coagulation only
1.2¥107%  8.9x107 2" o
1.2x10_5 1.9)(10_6 2'4X10~8 9
1.2x107,  1.0x107) 1.6x10 , 1.0x10 g 10
1.0x10 ;  1.5x10 , 1.6x10 ¢ 3.2x10 ¢ 6.4x10 10
1.0x10 5  1.5x10 ; 1.6x10_, 2.8x10 , 2.0x10 g 6.1x10 ¢ 1o
1.0x10 1.5x10 1.6x10 2.7x10 1 7x10 1.8x10 6.0x10
Thermal and turbulent shear coagulation (e = 8000 cm2 5_3)
1.2x107)  8.9x10 50 "
1.2x107,  1.9x10_,  2.4x10 g "
1.2x107;  1.0x107; 1.6x10 , 1.0x10 g 9
1.0x1073  1.5x10 ; 1.6x10 ¢ 3.6x10 , 3.1x10° "
1.0x107, 1.5x10 ; 1.9x10 , 3.4x10 , 4.1x10 , 2.4x10_, 3
1.0x10 1.8x10 3.2x10 3.1x10 3.2x10 4.0x10 2.4x10
Thermal, turbulent shear and sedigentation coagulaEiogB
(large-particle density 0.5 g cm ° and € = 8000 cn” s )
1.2x10 ) 8.9x10 40 .
1.2)(10_5 1.9x10_6 2.4x10_8 _g
1.2x10_4 1.0x10_5 1.6x10_7 1.0)(10_g g
1.0x10 ;  1.5x10, 1.6x10_, 3.6x10_, 3.1x10 . 6
1.0x10_2 1.5x10_3 1.9x10_4 3.4x10_4 4.3x10_4 2.4x1 4 _3
1.0x10 1.8x10 3.2x10 3.1x10 3.2x10 5.9x10 2.4x10
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Table 2. Optical effects at a wavelength of 0.55 pm and with n = 1.53-
0.05i for submicron (submicron plus_gupermicron) aerosols with a
submicron aerosol density of 1 gm cm ', assuming only dilution at
the source and fixed levels of turbulence

Time Mass Conc.
1 <
(min) €1 pm (g cm ) T, Tg w
€=1000 cm2 s¥3 8
No supermicron 0 5.2x10 69 196 0.74
aerosols 3 30 4'QX10~8 80 354 0.82
(0.052 g e ®) 60 4.8x10 77 319 0.81
With supermicron_3
aerosols(b g m “): 8
r =5 um 0 5.2x10 69(782) 196(1040) 0.74(0.57)
o 30 1'7X10~8 54(212) 239(426) 0.82(0.87)
60 1.4x10 45(139)  197(308)  0.81(0.69)
r_ = 104n 0 5.2x10:g 69(418) 196(616) 0.74(0.60)
30 I'QXIO~8 61(122) 272(345) 0.82(0.74)
60 1.7x10 55(91) 235(279) 0.81(0.75)
€=8000 cm2 s 8
No supermicron 0 5.2x10_8 69 196 0.74
aerosols 30 4'QXIO»8 80 354 0.82
60 4.8x10 76 316 0.81
With supermicron
aerosols: g
r =5 um 0 5.2x10 69(182) 196(1040) 0.74(0.57)
30 1.1x10_g 34(119) 150(250) 0.82(0.68)
60 8.2x10 26(74) 117(173) 0.82(0.70)
r =10 yn 0 5.2x1o:§ 69(418) 196(616) 0.74(0.60)
30 1.3x10 43(82)  191(237) 0.82(0.74)
60 1.1x10 36(58)  158(184) 0.82(0.76)
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of 0.55 um for the same condi-

plume dilutions calculated from hydrody-
namic combustion model for submicron (submicron plus supermicron)

Table 3. Optical effects at a wavelength
tions as Table 2, plus
aerosols

Time Mass Conc.
(min) <1 gm (g co ©)
€=1000 cn’ s 8
No supermicron 0 5.2x10_8
Aerosols _3 30 1.2x10_9
(0.052 g cm ) 60 7.7x10
With supermicron_3
Aerosols(b g m 7): 8
T = S pm 0 5.2x10_9
30 5.1x10 ¢
60 3.2x10
r =10 um 0 5.2x10 ¢
30 5.2x10_g
60 3.4x10
€=8000 cu® s ° -8
No supermicron 0 5'2X10*8
aerosols 30 1.2)(10~9
60 7.7x10
With supermicron
aerosols -8
rm:5 pm 0] 5.2x10_q
30 3.8x10_§
60 2.2x10 °
r =10 ym 0 5.2x10_
30 4.1x10°
60 2.5x10

7 T W
a S

69 196 0.74
19 80 0.81
14 60 0.81
69(782)  196(1040) 0.74(0.57)
16(115)  67(184)  0.81(0.62)
10(58)  45(102)  0.81(0.64)
69(418) 196(616)  0.74(0.60)
17(52) 69(111)  0.81(0.68)
11(27)  48(67) 0.81(0.71)
69 196 0.74
19 80 0.81
13 55 0.81
69(782)  196(1040) 0.74(0.57)
12(77) 50(126)  0.80(0.62)
7(33) 30(60) 0.81(0.65)
69(418) 196(616) 0.74(0.60)
13(37)"  54(83) 0.80(0.69)
8(18) 34(47) 0.81(0.72)




-20-

Table 4. Optical effects at a wavelength of 0.55 upm with changing dilution
and energy dissipation € from a hydrodynamic combustion model for
submicron (submicron plus supermicron) aerosols

Time Mass Conc.
(min) <1 pm (g cm ) T, Tq w
No supermicron 0 5.2x10°5 69 196 0.74
aerosols 30 1.2x10_9 19 79 0.81
60 8.3x10 14 59 0.81
With supermicron_
aerosols(b g m 7): 8
r =5 4m 0 5.2x10 69(782)  196(1040) 0.74(0.57)
30 5.5x10 ¢ 18(131) 73(207)  0.81(0.61)
60 3.8x10 12(74)" 53(128)  0.81(0.63)
r_ =10 4o 0 5.2x10:g 69(418) 196(616)  0.74(0.60)
30 5.7x10" 18(60)  76(126)  0.81(0.68)
60 4.0x10 13(33)  56(80) 0.81(0.71)
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Table 5. Optical effects at a wavelength of 0.55 pm, analogous to Table 2,
with the 'ndiges of refraction assumed to be n = 1.75-0.31 and €

= 8000 cm” s for submicron (submicron plus supermicron) aero-
sols.
Time
(min) T, T w
No supermicron 0 295 230 0.44
aerosols: 30 212 224 0.51
60 174 174 0.50
With supermicron
Aerosols:
r_ =5 um 0 295(974)  230(1110)  0.44(0.53)
30 100(181) 109(213) 0.52(0.54)
60 71(116)  75(133) 0.51(0.53)
r =10 um 0 295(628)  230(665) 0.44(0.51)
30 125(161)  135(183) 0.53(0.52)
60 92(113) 97(124) 0.51(0.52)
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Table 6. Optical effects at a wavelength of
tions as in Table 2, with €=8000cm

plus supermicron) aerosols.

10,,4m, under the same condi-
s © for submicron (submicron

Time
(min) T T w
No supermicron 0 2.8 0.32 0.10
Aerosols 30 3.2 0.69 0.18
60 3.4 0.83 0.20
With supermicron_
Aerosols(b g m 7):
r =5 um 0 2.8(709)  0.34(1130) 0.11(0.62)
o 30 1.4(83)  0.28(134)  0.17(0.62)
60 1.1(47)  0.23(75) 0.18(0.61)
r =10 ym 0 2.8(309) 0.32(556)  0.10(0.64)
30 1.7(35) 0.35(61) 0.17(0.63)
60 1.5(21) 0.32(35) 0.18(0.63)
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Captions

The number distribution of an initial, assumed double-peaked
log-normal size distribution. The small particle peak is at ro
= 0.045 pum, ag = 1.75 and the large particle peak at r = 5 pm,
-3

ag = 1.7; the initial mass concentrations are 0.05 and 5 g m *,

respectively, after 60 min. The plots show the relative effect
of Brownian thermal, turbulent shear and differential

sedimentation coagulation mechanisms.

The initial distribution described in Fig. 1 and subsequent
(after 60 min) concentrations for a distribution without the
supermicron peak compared with the distribution in Fig. 1 with
all three coagulation mechanisms and two levels of turbulent

energy dissipation rates (8000 and 1000 cm2 5_3).

An initial distribution with the same small-particle peak and a
supermicron-particle peak with ro = 10 pm, og = 1.7 for the same
mass concentration as in Fig. 1. The plots show the
distribution after 60 min with all turbulent mechanisms and € =
8000 cm2 s-3 compared with that of the initial distribution with

no supermicron peak.

Differential optical cross section and size number distribution
(Cext as a function of size multiplied by the differential
number concentration) evolution in time for a double-peaked
initial aerosol size distribution and the same coagulation
mechanisms used in Fig. 2, but with € 8000 cm2 5_3 and n = 1.53-

0.051.

Same as Fig. 4, but for n = 1.75-0.3i.
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